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| INTRODUCTION
Approximately 70 000-75 000 non-human primates (NHP) are used annually for research in the United States, some 25 000 of which are imported. Cynomolgus macaques (Macaca fascicularis), also known as crab-eating or long-tailed macaques, are second only to rhesus macaques (Macaca mulatta) as the most commonly used NHP in research in the United States. While the rhesus macaque is the principal research subject in scientific biomedical studies in the United States and is bred domestically for this purpose, the cynomolgus macaque is a commonly used NHP in pharmaceutical, toxicological, and other commercial research in the United States 1 and represents 93% of NHP imported to the United States.
Most cynomolgus macaques used as research subjects in the United States (more than 60%) are imported from 23 breeding farms in China, which are located predominantly in the southern provinces of Guangxi, Guangdong, Yunnan, and Hainan, and licensed by the central government's Bureau of Wildlife Protection and Conservation to export NHP. These farms house approximately 120 000 cynomolgus macaques with half of them housing in excess of 10 000 animals. 2 As cynomolgus macaques are not presently indigenous to China, the breeding stock at these farms has been imported from other countries throughout the natural range of the species since the breeding of cynomolgus macaques first began in China during the late 1980s.
Malaysia, Indonesia, and the Philippines were the first principal suppliers of cynomolgus macaques to Chinese breeding farms, but by
2004 increasingly large numbers of the animals were being imported to China from Vietnam and, especially, Cambodia. 3 However, records of the geographic origin of the founders of the captive colonies were not maintained, and breeding may have occurred without regard to the animals' countries of origin. Consequently, while some breeders claim to know the country of origin of their breeding stock, the CITES accompanying shipments of cynomolgus macaques and other NHPs to the United States from China have cited the origin of these animals as "China," and documentation of the true ancestral origin of these animals is not available to importers.
The natural range of cynomolgus macaques is the third largest of all primates, behind humans and rhesus macaques, 4 encompassing 30° of latitude and 35° of longitude. 5 Their natural habitat includes lowland rainforests, shrubland, coastal forests, and mangroves from Bangladesh eastward through Myanmar, Thailand, and all of Indochina south of 17°N latitude on the mainland and the islands from Sumatra eastward through Indonesia, Malaysia, Bali, Timor, and the Philippines. 6 Human-aided expansion of their range to Mauritius, where many of the animals are bred for export, occurred in the seventeenth century, 7 and the species was later introduced to many (predominantly insular)
Asian countries, including Taiwan, Hong Kong, Palau, and western New Guinea. 8 The history of isolation, dispersal, and re-dispersal of the cynomolgus macaque is complicated and not well understood. One theory speculates that the species originated in Indonesia, perhaps Sumatra, 9 3-4 million years ago, 10 before expanding northward to the mainland and eastward through Borneo to the Philippines when the Sunda land mass was exposed during Pleistocene glacial maxima. Large portions of their natural range have been isolated by water barriers for significant periods of interglacial time 11 interspersed with the emergence of land bridges over which re-dispersal occurred during glacial maxima.
While cynomolgus macaques originating throughout their natural range have been employed in biomedical research, reports of these studies, especially those conducted between 1970s and 1990s, have not always identified the country of origin of the research subjects employed. More recently, it has become apparent that the geographic isolation of many of the species' regional populations has led to major genetic differences 9, 12, 13 that may influence phenotypic differences such as adult size and shape, 14 pelage and body mass, 15 head, body and tail length, [16] [17] [18] organ weight, and also hematology and serum biochemistry. 19 Geography-specific differences in allele frequencies of genes in the major histocompatibility complex (MHC), which influences the development of adaptive immune responses, 20 are responsible for some differences in disease susceptibility among regional populations of cynomolgus macaques. Genetic differences are also undoubtedly responsible for differences among regional populations of cynomolgus macaques in responses to experimental treatment effects, such as experimental infection with the malarial parasite Plasmodium knowlesi, of which they are a natural host, 21 and which can also infect humans with whom they are increasingly in close contact. 22, 23 For example, cynomolgus macaques from the Philippines are much more resistant to infection with P. knowlesi than those from Malaysia, 24 and those from Mauritius live outside the geographic range of both the pathogen and its vector. 25 Another example of regional differences is the unique resistance of cynomolgus macaques from Mauritius (but not those from Indonesia, Indochina, or the Philippines) to symptoms of clinical shigellosis after experimental immunization. 26, 27 Although high levels of genetic diversity maximize the opportunity for discovery of useful animal models for the study of human diseases, low levels of genetic diversity associated with very limited and short-term dispersals followed by founder effects and rapid genetic divergence, such as for cynomolgus macaques from Mauritius and the Philippines, may be desirable in research subjects to simplify interpretations of experimental results.
The most fundamental genetic difference among cynomolgus macaques is that between insular and mainland animals with a biogeographic barrier at the Isthmus of Kra. 28 Geographic contiguity has minimized genetic differences among cynomolgus macaques on the mainland of Southeast Asia, including Indochina, while extended isolation and founder effect associated with dispersal followed by renewed isolation have fostered genetic divergence of both Philippine and Mauritian cynomolgus macaques from other insular populations.
Exacerbating this genetic difference between mainland and insular populations, cynomolgus macaques from Indochina experienced extensive introgression from rhesus macaques through hybridization [29] [30] [31] [32] after rhesus macaques diverged from the common ancestor shared between the two species, and exhibit a wide range of rhesus ancestry 32 with an average value reported to approximate 30%. 32, 33 This broad range of variability in rhesus ancestry augments the genetic diversity among mainland cynomolgus macaques and increases their genetic difference from insular cynomolgus macaques. 36 Furthermore, previous studies reported a significantly higher count of parasites in rhesus macaques than in cynomolgus macaques within the same duration after infection. 45, 46 As rhesus macaques are more susceptible to infection with P. cynomolgi, cynomolgus macaques with a long hybridization history with rhesus macaques might be expected to exhibit greater susceptibility to P. cynomolgi infection than their insular conspecifics. Interspecies hybridization might also augment heterogeneity in susceptibility to other disorders whose susceptibility differs between members of the two species. Thus, knowledge of both the region of origin and the level of rhesus admixture in cynomolgus macaques employed as subjects of experimental research is important for insuring use of the most appropriate animal model for the study of any specific disease and minimizing the proportion of differences in treatment effects that are due solely to genetic differences among research subjects.
We used genetic markers together with reference samples of cyno- 
| MATERIALS AND METHODS
To To illustrate the importance of rhesus macaque admixture in cynomolgus macaques in the context of malaria parasite susceptibility, DNA from 25 of the full breed Chinese rhesus macaques cited above and 25 "Chinese" cynomolgus macaques each with 30%-39%, 20%-29%, 10%-19%, and 0%-9% rhesus admixture were screened for the presence of P. cynomolgi using a previously reported nested PCR assay. 38 The status of infection was determined by the DNA sample of cynomolgus macaques showing a positive result from the nested PCR assay using P. cynomolgi-specific primer. Thus, the infection of malaria was not described quantitatively, as the nested PCR assay detects only the presence of parasite DNA in sample DNA from the host. The numbers of infected and non-infected animals were compared among the four rhesus admixture categories (ie, 0%-9%, 10%-19%, 20%-29%, and 30%-39%) using a chi-square test for independent samples. 
| RESULTS
Genotypes for 13 of the 96 SNPs and 9 of the 400 samples were less that 90% complete. The 9 samples and 13 loci that were less that 90% complete were excluded from further analysis; these nine samples represented three samples each from Blooming and Yaling, two from Lingzhangle and one from Xinzheng (Table 1) T Average values of OH and EH and F statistics are provided in Table 2 based on all loci among the 76 that were both polymorphic and exhibited equilibrium genotype frequencies (n=46). Of the 76 SNPs analyzed, 30 yielded an equilibrium probability lower than .01
in at least one of the 10 populations and were therefore not used to estimate these parameters. The remaining 46 SNPs included 28 and Structure plots with K=4 that include "Chinese" cynomolgus macaques as unknowns are provided in Figure 1 for the samples from each of the 10 Chinese breeding farms listed in Table 1 . The following four well-defined clusters of reference samples appear in each of the 10 plots: (i) the two Philippine populations that form a single cluster, (ii) the four components of the Malay Archipelago (ie, Sumatra, Indonesia, Malaysia, Singapore) that form a single cluster, (iii) Mauritius, and (iv) Indochina. Table 3 provides the average ranges of assignment probabilities of all nine reference samples to their alleged geographic origin when compared with the 10 samples from breeding farms in China.
Only four of the 164 reference samples exhibited assignment probabilities to their alleged geographic region of origin lower than 60%. These four included three alleged Indonesian samples, two of which were assigned to Indochina with probabilities of .9046 and .9153 and one assigned to the Philippines with a probability of .9010, and a sample alleged to be from the Philippines that was assigned to Mauritius with a probability of .7253. While it is likely that these samples represent mis-assigned ancestry, they were not removed from our analysis, because it cannot be known for certain that this is the case. The lower probabilities of assignment of the Indonesian and Mauritian samples in Table 3 
df=3, P<.015).
The association between P. cynomolgi incidence in cynomolgus macaques and the proportion of rhesus macaque ancestry is described by a Logistic model, the fitting curve for which is shown as Figure 3 . Library "lme4" in R was used to estimate the logistic regression of infection incidence on mean proportion of rhesus ancestry, with a random intercept for population. The regression model can be expressed as the equation y=ln(x)+e, where y is the infection incidence, x is the mean rhesus ancestry proportion, and e is the random effect due to population. Here the mean rhesus ancestry proportion of each individual tested for P. cynomolgi infection was extracted from the admixture analysis result (Table S1 ). The marginal R squared of this model is 0.50, and the conditional R squared is 0.54. The regression model indicates a strong association such that the incidence of P. cynomolgi increases as the proportion of rhesus macaque ancestry increases.
| DISCUSSION
The high level of genetic homogeneity among the samples of cynomolgus macaques from 10 different breeding farms in China, with an F ST value lower than 1%, is especially noteworthy. While the SNPs used in this analysis were not originally designed for assessing levels of genetic diversity, the 46 polymorphic SNPs that meet Hardy-Weinberg equilibrium expectations provide an observed level of heterozygosity (OH) of 0.3241 for the "Chinese" cynomolgus macaques compared with 0.2693 for the 164 reference samples (these data are not presented but are available upon request). Thus, the level of genetic diversity Philippines, Indochina, Mauritius, and the Malay Archipelago. c Four of the 164 reference samples were assigned an average probability of membership in a geographic location other than their alleged origin with a high probability; these included three alleged Malaysian samples, two of which were assigned to Indochina with probabilities of .9046 and .9153 and one assigned to the Philippines with a probability of .9010, and a sample alleged to be from the Philippines that was assigned to Mauritius with a probability of .7253. The 48 SNPs we selected for estimating proportion of rhesus macaque ancestry in cynomolgus macaques assigned at least some rhesus ancestry to all 391 cynomolgus macaque samples studied. The proportion of rhesus ancestry exceeded 45% in only three of these animals and averaged only 17%, less than had been previously reported for Indochinese cynomolgus macaques. 32 This suggests that few, if any, of the 391 animals are first generation hybrids and that cynomolgus macaques in Indochina have been backcrossing to rhesus macaques or hybrids for many generations. This is consistent with the evidence that hybridization is predominantly restricted to matings between fullbreed or hybrid rhesus macaque females and fullbreed cynomolgus macaque males. 30, 31 It is possible that the 48 loci employed to estimate rhesus admixture in these Indochinese cynomolgus macaques experienced sampling error that resulted in an underestimate. Additional studies using a larger number of loci should be conducted to confirm our estimates.
In Southeast Asia where wild cynomolgus macaques are distributed, malaria parasites that were previously thought to only infect macaque species have been confirmed to naturally infect humans. Those include P. knowlesi 23, 25, 42 and P. cynomolgi. 41 These recent discoveries of zoonotic or potentially zoonotic malaria have fostered biomedical research using cynomolgus macaques as animal models to study the infection physiology and treatment of the parasites. 55, 56 However, the genetic differences between cynomolgus and rhesus macaque responsible for the susceptibility difference between them when infected with certain malarial parasites introduce heterogeneity in response to infection of cynomolgus macaques of Indochinese origin. For example, the infections of P. knowlesi in cynomolgus macaques are generally mild, chronic, and non-fatal, whereas experimentally induced infections of P. knowlesi T A B L E 4 Prevalence of Plasmodium cynomolgi in cynomolgus macaques with different proportions of rhesus macaque ancestry
F I G U R E 3 Logistic Regression Model for Prediction of
Plasmodium cynomolgi infection incidence by rhesus ancestry proportion in cynomolgus macaques in rhesus macaques are severe and fatal. 24, 36, 57 This high mortality may have been responsible for the speciation and geographic distributions of both cynomolgus macaques and rhesus macaques in Indochina. 58, 59 The infection of P. cynomolgi, on the other hand, is relatively more severe in rhesus macaques compared to P. knowlesi.
This study reports a strong association between the proportion of rhesus ancestry in cynomolgus macaques and the incidence of P. cynomolgi infection, which is consistent with the previous conclusions that rhesus macaques are more susceptible to P cynomolgi than cynomolgus macaques, confirming the hypothesis that the admixture history in Indochinese cynomolgus macaques leads to a differentiated susceptibility. Therefore, both geographic region of origin and proportion of rhesus ancestry of cynomolgus macaques are critical in experimental research design. The importance is underscored by the difference between the incidence of P. cynomolgi infection between rhesus and cynomolgus macaques, as well as among cynomolgus macaques with different proportions of rhesus ancestry. To our knowledge, our study represents the first demonstration of the influence of rhesus macaque ancestry in cynomolgus macaques on a clinically relevant phenotype. It is likely that variability in the proportion of rhesus ancestry among these animals, which represent the predominant subjects of pharmaceutical research in the United States, also influences many other biological traits that could affect the interpretation of results of such research. Future biomedical research that incorporates cynomolgus macaques as subjects should confirm and report the ancestry of these subjects and insure that their heterogeneous ancestry, including geographic origin and proportions of rhesus admixture, does not contribute to heterogeneity of responses to experimental treatments to which subjects are subjected.
| CONCLUSION
This study reports that cynomolgus macaques imported to the United
States from Chinese breeding facilities can be expected to exhibit varying percentages of rhesus macaque ancestry. The genetic differences between the two species may result in differentiated susceptibilities to infectious diseases including zoonotic malaria and further result in unwanted phenotypic variance leading to errors in interpretation of experimental outcomes of biomedical studies when cynomolgus macaques are employed as animal models. The finding of the strong association between the proportion of rhesus ancestry and incidence of P. cynomolgi infections underscores the importance of monitoring genetic homogeneity in captive cynomolgus macaques for biomedical use.
